Results from a large volume of studies have shown that the auxiliary proteins produced by various eukaryotic viruses may play a critical role in orchestrating the viral lytic cycle and the state of viral latency. This group of proteins has a diverse effect on various stages of infection including transcription (11, 13, 14, 27, 41, 61) , translation (19) , replication (12, 35, 50) , viral assembly (39) , release of viral particles (51, 56) , and export of viral transcripts from nucleus to cytoplasm (15) . In addition, this group of viral proteins may have an impact upon host function and, by deregulating expression of key cellular genes, contribute to the pathogenesis of viral-induced disease.
The human neurotropic polyomavirus, JC virus (JCV), contains an open reading frame for expressing a 71-amino-acid peptide whose function in the viral life cycle remains unknown. Clinically, replication of JCV in glial cells induces the fatal demyelinating disease of the brain, progressive multifocal leukoencephalopathy (PML) (5, 8, 60) .
The genome of JCV is composed of a double-stranded covalently linked circular DNA which is composed of three functional regions (17) , including viral early and late coding regions and the viral noncoding regulatory region (Fig. 1A) . The viral early coding region encodes two regulatory proteins, small and large T antigens. Although little is known about the function of small t antigen, the large T antigen was shown to be a multifunctional phosphoprotein which, by interacting with several cellular proteins including Pur␣ and YB-1 (18, 47, 48) , can modulate both the initiation of viral DNA replication and activation of JCV late gene transcription. In addition to small and large T antigens, the viral early genome encodes several spliced variants of early proteins, due to alternative splicing of the early transcripts (57) . These variants of T antigen have been shown to differentially interact with the retinoblastoma family of tumor suppressor proteins (7) . Additionally, JCV T antigen is oncogenic and its expression can induce development of tumors of neural origin in experimental animals (31, 49, 58) , and its genome has been found in several human tumors (32, 33, 45) . The viral late coding region is responsible for expression of three structural proteins, VP1, VP2, and VP3, all of which participate in the formation of viral capsids (36) . In addition, the leader of the late transcripts contains an open reading frame for the 71-amino-acid Agno protein.
JCV is closely related to the other polyomaviruses, including the simian vacuolating virus (SV40) and the human BK virus (BKV) (16, 17) . These viruses share significant sequence homology, particularly in their coding regions (16) . JCV and SV40 exhibit approximately 80% homology in their early coding regions, close to 70% homology in their late coding sequences for VP1, VP2, and VP3, and less than 70% homology in the region corresponding to Agno protein. The highest de-gree of divergence between JCV and SV40 Agno proteins is clustered at the far carboxyl terminal regions (Fig. 1B) . JCV and BKV also share a similar degree of homology in those respective regions. The regulatory region of JCV is distinct from those of SV40 and BKV and is responsible for cell-typespecific transcription of the viral genome in central nervous system (CNS) cells (1, 28, 42, 43, 54, 55) . Earlier studies on both BKV and SV40 established that the Agno gene is expressed during the late phase of infection (25, 26, 30, 38, 46) . Mutational analysis of SV40 Agno protein revealed the importance of this protein in the regulation of the SV40 lytic cycle and virion production (4, 38, 40) . While the mechanisms involved in this process remain unknown, it is postulated that SV40 Agno protein may have a functional role at the level of viral assembly (26, 37, 38, 40) , maturation (24, 26) , transcription, and translation (3, 21, 22) .
In this study, we examined the effect of JCV Agno protein on transcription and replication of the viral genome in glial cells, in the absence and presence of the viral early protein T antigen. We demonstrate that functional and structural interaction of Agno protein with T antigen results in suppression of viral gene expression and DNA replication in glial cells.
MATERIALS AND METHODS
Cell lines. HJC-15b (44) cells were derived from hamster brain tumors induced by JCV (59) and were grown in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal calf serum and antibiotics (penicillinstreptomycin, 100 g/ml). U-87MG, a human glial origin cell line, was grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and antibiotics (penicillin-streptomycin, 100 g/ml). All cells were maintained at 37°C in a humidified atmosphere with 7% CO 2 .
Plasmid constructs. The pBLCAT 3 -Mad-1L reporter construct containing the regulatory region of JCV Mad-1 strain in the late orientation was described previously (10) . The glutathione S-transferase (GST) fusion protein of JCV T antigen (pGEX2T-T-antigen) and its C-terminal [pGEX2T-T-antigen (1-411), pGEX2T-T-antigen (1-265), and pGEX2T-T-antigen (1-82)] and N-terminal [pGEX2T-T-antigen (266-688), pGEX2T-T-antigen (412-688), and pGEX2T-Tantigen (629-688)] deletion mutants were previously described (47) . pGEX2T-T-antigen (250-450) was created by PCR amplification of the respective region by forward (5Ј-ACTACTTCGGATCCGGGGGCCTTAAGGAGCATGACTTT- 3Ј) and reverse (5Ј-ACTACTTG AATTCAACATTTAATGACTTTCCCCC-3Ј) primers. The resulting fragment was cloned in frame into BamHI/EcoRI sites of pGEX2T vector. A plasmid containing an intronless JCV T-antigen coding region (6) was used as a template in PCR amplification. PGEX1T-Agno and its deletion mutants were also created by PCR amplification utilizing the following specific primers. Forward primers (FP) were Agno 5Ј-BamHI (5Ј-ACTGACGG ATCCGCCACCATGGTTCTTCGCCAGCTGTCA-3Ј), FP aa 18 (5Ј-ACTGA CGGATCCGCCACCATGAGTGGAACTAAAAAAAGAGCT-3Ј), FP aa 37 (5Ј-ACTGACGGATCCGCCACCATGCTGGACTTTTGCACAGGTGAA-3Ј), and FP aa 55 (5Ј-ACTGACGGATCCGCCACCATGAGTGGTTTGACTGAG CAGACATAC-3Ј). Reverse primers (RP) were Agno-3Ј EcoRI (5Ј-ACTGAC GAATTCCTACTATGTAGCTTTTGGTTCAGG-3Ј), RP aa 54 (5Ј-ACTGAC GAATTCCTAGTGTCTCTGTCTTTTTTTCCC-3Ј), and RP aa 36 (5Ј-ACTG ACGAATTCCTACAAAAATTCTAACAAAAAAAT-3Ј). A pBR322-based plasmid containing the entire JCV Mad-1 DNA was used as a template in PCR amplification. The PCR products were digested with BamHI/EcoRI and cloned in the pGEX11T vector. Further, full-length Agno and its two deletion mutants (amino acids 1 to 36 and 55 to 71) were also subcloned into pCDNA 3 expression vector (Invitrogen) at BamHI/EcoRI sites by utilizing PCR amplification with the respective primers as described above. pEBV-HisA-Agno plasmid was created by PCR amplification with the following primers: Agno-5Ј (5Ј-CCGCTTAGGATC CATGGTTCTTGGCCAGCTGTCA-3Ј) and Agno-3Ј (5Ј-ACGTCCAAAGCT TCTATGTAGCTTTTGGTTCAGG-3Ј). The respective PCR product was digested with BamHI and HindIII enzymes and subcloned into BamHI/HindIII sites of the vector. pEBV-HisA-SV40-Agno plasmid was also created by PCR amplification with SV40 5Ј (5Ј-ACACAAAGGATCCCGCCGCCATGGTGCT GCGCCGGCTGTCACGC-3Ј) and SV40 Agno 3Ј (5Ј-ACACAAAAAGCTTT TAACTTTCTGGTTTTTCAGT-3Ј) primers, and the resulting PCR products were subcloned into BamHI/HindIII sites of the vector.
Transient transfection assays. U-87MG cells were transfected by the calcium phosphate precipitation method (20) with reporter constructs alone or in combination with Agno and T-antigen expression plasmids. Plasmid concentrations used in each transfection experiment are indicated below and/or in the figure legends. The total amount of DNA transfected into the cells was normalized with relevant empty vector DNA. A glycerol shock was applied at 4 h posttransfection and cells were harvested after 36 h. Chloramphenicol acetyl transferase (CAT) activity of samples was determined by utilizing 40 g of protein for each sample. Transfections were repeated at least three times with different plasmid preparations and standard deviations are indicated by error bars.
Expression and purification of recombinant GST fusion proteins. Fifty-milliliter overnight cultures of Escherichia coli DH5␣ transformed with either pGEX1T-Agno or pGEX2T-JCV T antigen or their respective deletion mutant plasmids were diluted 1:10 in fresh Luria-Bertani broth supplemented with ampicillin (100 g/ml). Cultures were induced with 0.3M isopropyl-␤-thiogalactopyranoside (IPTG) at an optical density of 0.5 and incubated for an additional 2 h at 37°C. Cells were collected by centrifugation and resuspended in 10 ml of lysis buffer containing 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40 supplemented with 1 mM phenylmethylsulfonyl fluoride, 2 mM pepstatin A, 0.6 mM leupeptin, and 2 mM benzamidine. After sonication, clear cell lysates were prepared by centrifugation at 12,000 ϫ g. Lysates were then incubated with 150 l of 50% glutathione-Sepharose beads (Pharmacia, Piscataway, N.J.) overnight at 4°C. GST fusion proteins were purified by three cycles of washing and centrifugation with 5 ml of lysis buffer. Fusion proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie blue staining.
GST affinity chromatography assays (GST pull-down). For GST pull-down assays, 2 g of either GST alone, GST-Agno, or its deletion mutants immobilized on Sepharose beads was incubated with 0.5 mg of whole-cell extracts prepared from HJC cells constitutively expressing JCV T antigen for 4 h at 4°C in lysis buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.5% Nonidet P-40. The protein-complexed beads were washed extensively with lysis buffer and resolved by SDS-10% PAGE followed by Western blot analysis using an antibody (Ab-2 416) directed against JCV T antigen. In a different method, GST or GST-JCV T antigen (2 g of each) immobilized on Sepharose beads was incubated overnight with 4 l of [
35 S]-labeled in vitro-translated Agno in lysis buffer in a 300-l total volume. The protein-complexed beads were extensively washed with lysis buffer and resolved by SDS-15% PAGE. Proteins were detected by fluorography for the presence of Agno.
Coimmunoprecipitation and Western blot analysis. pEBV-His-Agno expression plasmid was transfected into HJC-15b (hamster astrocytic cell line constitutively expressing JCV T antigen) cells via the calcium phosphate precipitation method (20) . At 36 h posttransfection, cells were lysed in lysis buffer containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.4), and 0.25% Nonidet P-40 supplemented with a cocktail of proteinase inhibitors including 1 mM phenylmethylsulfonyl fluoride, leupeptin (10 g/ml), aprotinin (1 g/ml), and 50 mM sodium fluoride. Five hundred micrograms of whole-cell extract in a total volume of 0.5 ml was incubated either with 2 g of anti-T7 antibody (␣-T7) (Novagen, Madison, Wis.) directed against the His-T7-tagged Agno or 2 g of preimmune antisera (␣-pre) overnight at 4°C. Immunocomplexes were precipitated with the addition of protein A-Sepharose beads (Pharmacia) for an additional 2 h and washed extensively with lysis buffer. Immunocomplexes were then resolved by SDS-10% PAGE and analyzed by Western blotting using an anti-T-antigen antibody (Ab-2 416) (Oncogene, Uniondale, N.Y.) and developed with an ECL detection kit (Amersham, Arlington Heights, Ill.) according to the manufacturer's recommendations.
In vitro transcription and translation assay. Full-length Agno protein was radiolabeled with [ 35 S]methionine using a TNT-coupled in vitro transcriptiontranslation system (Promega, Madison, Wis.) according to the recommendations of the manufacturer.
Replication assay. Replication assays were carried out as previously described (9) . Briefly, a replication-competent plasmid, pBLCAT 3 -Mad-1L, containing the regulatory region of the Mad-1 strain of JCV, was introduced alone or in combination with expression vectors, CMV-T-antigen and CMV-Agno, into U-87MG (0.4 ϫ 10 6 cells per plate) cells with the calcium phosphate precipitation method. Plasmid concentrations used in transfections are indicated in the respective figure legends, and the total amount of DNA transfected into the cells was normalized with appropriate empty vectors. A glycerol shock was applied at 4 h posttransfection and the medium was replenished. At 72 h posttransfection, low-molecular-weight DNA containing both input and replicated plasmids was isolated by the Hirt method (23), digested with SacI and DpnI enzymes, resolved on a 0.8% agarose gel and analyzed by using Southern blotting. Probes for Southern blots were prepared from a DNA fragment encompassing the regulatory region of JCV Mad-1 by utilizing a ready-prime random labeling kit (Amersham/Pharmacia Biotechnologies). The bands corresponding to the replicated DNA were quantitated utilizing a densitometer (Bio-Rad Fx PhosphorImager) with Quantity One software. The degree of inhibition of T-antigen-mediated JCV DNA replication by Agno protein was expressed as percent inhibition with respect to the degree of viral DNA replication in the presence of JCV T antigen alone.
RESULTS

Effect of Agno protein on transcriptional activity of the JCV promoters.
To determine the functional importance of Agno protein on transcriptional activity of the JCV late promoter, a plasmid that permits expression of Agno protein under the control of the Rous sarcoma virus (RSV) promoter was created and the first stable production of Agno protein was determined by Western blot analysis. As shown in Fig. 2A , anti-T7 antibody specifically immunoprecipitated histidinetagged Agno protein in extracts from U-87MG cells transfected with a His-tagged Agno expression plasmid (compare lane 4 to lane 3). The specificity of this immunoprecipitation was demonstrated by the use of both normal mouse serum (lane 1) and anti-T7 antibody (lane 2), both of which showed no cross-reactivity with the proteins prepared from the untransfected cells. Next, we performed cotransfection experiments in U-87MG cells by using a reporter construct containing the JCV late gene promoter and expression plasmids for Agno and JCV T antigen. As shown in Fig. 2B , in the absence of T antigen a CAT reporter construct containing the JCV late promoter was poorly expressed (lane 1). Cotransfection of the reporter construct with a T-antigen expression plasmid resulted in a substantial increase (ninefold) in the transcriptional activity from the late promoter (compare lanes 1 and 2). In contrast, when increasing amounts of a plasmid expressing Agno protein were cointroduced along with a constant amount of T-antigen expression plasmid into glial cells, we observed a suppressive effect of Agno on the T-antigen-mediated activa-tion of the late promoter (compare lane 2 to lanes 3 and 4). At the highest DNA concentration, expression of Agno protein alone further decreased the basal expression of the late promoter, suggesting that Agno may have a negative regulatory effect on the basal expression of JCV late promoter. To further test this possibility, we carried out transfection experiments using a constant amount of reporter construct containing JCV late promoter alone (Fig. 2C, lane 1 ) or in combination with an increasing amount of Agno expression plasmid (lanes 2 and 3). As shown in Fig. 2C , production of Agno protein in U-87MG caused a considerable decrease in the basal level of JCV late gene transcription (lanes 2 and 3) . In addition, we have also performed transfection experiments to assess the effect of SV40 Agno protein on JCV late promoter expression. As shown in Fig. 2D , SV40 Agno showed only a minor inhibitory effect on the transcription of the JCV late promoter in the presence of T antigen (Fig. 2D) , suggesting that the observed negative effect of Agno on JCV gene expression is specific. These observations indicate that Agno protein negatively regulates both basal and T-antigen-induced transcription of the JCV late promoter.
A similar set of experiments was carried out to evaluate the effect of Agno protein on transcription of the JCV early genome. The results showed a suppressive effect of Agno protein on basal transcription of the JCV early promoter. Agno protein had no noticeable effect on the T-antigen-mediated transcriptional suppression of the JCV early promoter (data not shown). 
Effect of Agno on T-antigen-mediated JCV DNA replication.
The observed effect of Agno protein on T-antigen-mediated transcription of the JCV late genome suggested that Agno protein may also exert a regulatory effect on T-antigen-mediated viral DNA replication. To investigate this possibility, we performed DpnI replication assays (9) . A replication-competent plasmid containing the JCV origin of DNA replication was introduced alone or in combination with an Agno gene expression plasmid into U-87MG cells. At 72 h posttransfection, low-molecular-weight DNA was isolated by the Hirt procedure (23) and newly replicated DNA was analyzed by Southern blot analysis. As shown in Fig. 3 , in the presence of T antigen, the plasmid containing viral DNA was efficiently replicated (lane 2). However, in the presence of Agno protein, a substantial decrease in T-antigen-induced viral DNA replication was observed. Agno protein alone showed no ability to induce viral DNA replication (lane 5). Of note, in recent studies it was shown that JCV with a mutation in Agno has a different growth cycle compared to the wild-type virus, suggesting the importance of Agno in the viral lytic cycle (Y. Okada et al., unpublished data). These observations indicate that Agno protein can negatively affect T-antigen-induced replication of JCV DNA, perhaps through its interaction with and inactivation of T antigen.
Interaction of Agno protein and T antigen.
Results from transcription and replication studies suggested that JCV large T antigen may physically interact with the late auxiliary Agno protein. To test this possibility, we performed affinity chromatography (GST pull-down) experiments in which one of the two proteins was prokaryotically expressed as a GST fusion protein and bound to a glutathione resin while the other protein was passed over the resin and analyzed for its ability to be specifically retained by the GST fusion protein. In the first experiment, GST or GST-Agno protein was immobilized on glutathione-Sepharose beads and incubated with whole-cell extracts from HJC-15b cells, which constitutively express T antigen. Proteins bound to beads were extensively washed and were analyzed by Western blot analysis using antibodies specific for T antigen. As demonstrated in Fig. 4A , T antigen was retained on the Sepharose column containing GST-Agno (lane 3). Interestingly, Agno protein is able to interact with three isoforms of JCV T antigen expressed in HJC-15b cells. These three isoforms of T antigen are believed to represent different phosphorylated forms of T antigen (53) . This interaction was not observed between T antigen and GST (lane 2).
To further examine the association of Agno protein with T antigen, protein extracts from HJC-15b cells that were either untransfected or transfected with the His-Agno expression plasmid were immunoprecipitated with control preimmune serum and with an anti-T7 antibody that recognizes His-tagged Agno protein. Immunocomplexes were resolved by Western blotting and examined for the presence of T antigen using anti-T-antigen antibody. As shown in Fig. 4B , anti-T7 antibody detected T antigen in extracts from HJC-15b cells transfected with a plasmid expressing His-tagged Agno protein (lane 5). The specificity of this coimmunoprecipitation was verified by the absence of a band corresponding to T antigen when protein extracts from the transfected cells were incubated with normal mouse serum (lanes 2 and 4) . Also, anti-T7 antibody showed no cross-reactivity with cellular proteins from untransfected cells (lane 3). To examine the involvement of RNA or DNA in the association of Agno with T antigen, GST-Agno fusion protein and the whole-cell lysate were treated with ethidium bromide, DNase I, or RNase prior to pull-down experiments. As shown in Fig. 4C , treatment of the whole-cell extract with ethidium bromide, DNase I, and RNase had no significant effect on the binding of GST-Agno to T antigen. Altogether, results from both in vitro GST pull-down and coimmunoprecipitation experiments demonstrate that Agno protein physically associates with JCV T antigen.
Mapping of the region within Agno protein which interacts with T antigen. In the next series of experiments, we attempted to map the region of Agno protein which is involved in the interaction with T antigen. A series of deletion mutants in the Agno gene was created and mutant Agno proteins fused to GST were incubated with whole-cell lysates from HJC-15b cells. Bound complexes were resolved by SDS-PAGE and analyzed by Western blotting using anti-T-antigen antibody. As shown in Fig. 5A , removal of the region of the Agno protein which is positioned between residues 55 to 71 and 36 to 71 enhanced the binding ability of Agno protein to T antigen in comparison to that observed with the full-length Agno protein (compare lanes 4 and 5 to lane 3). Deletion of the region spanning residues 1 to 18 showed a moderate effect on the binding ability of Agno protein to T antigen (compare lane 6 to lane 3). Removal of the residues between 37 to 71 and 55 to 71 completely abrogated association of Agno protein and T antigen. These observations suggest that the region positioned between residues 18 to 37 is important for allowing Agno protein to interact with T antigen. In support of this conclusion, results from the binding of a truncated Agno protein encompassing residues 18 to 54 revealed the ability of this protein to interact with T antigen (lane 9). This study, in addition, demonstrates that amino acid residues between 36 and 71 have a negative effect on the interaction between Agno and T antigen. Figure 5B illustrates the Coomassie bluestained SDS-PAGE of the full-length and mutant Agno proteins which were used in this study and verifies the integrity of the protein preparations. Figure 5C summarizes the results of the GST pull-down assay and depicts the regions of Agno which bind to T antigen.
Identification of the region within T antigen which is important for its interaction with Agno protein.
To identify the region(s) of T antigen necessary for its interaction with Agno protein, a series of carboxy-terminal (Fig. 6A ) and aminoterminal (Fig. 6B) Fig. 6E .
Effect of mutant Agno proteins on T-antigen-induced JCV gene transcription and viral DNA replication. To further assess the functional interaction between Agno protein and T antigen, we examined the ability of mutant Agno proteins which have retained or lost their binding activity with T antigen upon JCV gene transcription and replication in glial cells. We chose mutant protein Agno (1-36) , which showed the ability to interact with T antigen in in vitro GST pull-down assays, and mutant protein Agno(55-71), which showed no binding activity to T antigen. For the transcriptional assays, we performed transfections using a reporter JCV late CAT construct alone or , which strongly binds to T antigen, showed a drastic negative effect on the T-antigenmediated activation of the JCV late promoter (Fig. 7A) compared to the full-length protein (Fig. 2B) , while mutant Agno(55-71) had no effect on the level of transcriptional activation of the JCV promoter by T antigen (Fig. 7B) . We also examined the effects of these two mutants [Agno and Agno(55-71)] on JCV DNA replication. In agreement with the above observations from transfection assays, Agno (1-36) strongly inhibited T-antigen-mediated JCV DNA replication (Fig. 7C) . The mutant protein Agno (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) (70) (71) showed no appreciable inhibitory activity on the replication of viral DNA in glial cells (Fig. 7D) . Interestingly, comparison of the results from the studies on the effect of full-length Agno protein on T-antigen-mediated transcription and replication of JCV DNA ( Fig. 2 and 3 ) with those obtained with mutant Agno(1-36) (Fig. 7A and C) suggests that the mutant Agno protein is more potent in modulating T-antigen function than the full-length Agno protein. This notion corroborates with results from protein-protein interaction studies (Fig. 5) , where we observed that Agno(1-36) exhibited stronger binding activity for T-antigen than the full-length Agno protein. We have also used an additional Agno mutant [Agno(1-54)] in our transfection and replication studies to further confirm the specificity of the interaction between Agno and T antigen. This mutant also interacts with T antigen more strongly than wild-type Agno in GST pull-down assays (Fig. 5) . We observed very similar results for this mutant and the Agno(1-36) (data not shown). These results also corroborate with the results obtained from GST pull-down assays (Fig. 5) . Of note, the stable expression of Agno mutants used in transfection assays was investigated utilizing indirect immunostaining and Western blotting assays, and therefore the absence of functional interaction between T antigen and Agno(55-71) may not be attributed to its lack of expression in transfected cells (data not shown). Taken together, the data from transcription and replication studies utilizing mutants of Agno protein, two of which physically and functionally interact with T antigen [Agno and Agno 
DISCUSSION
The 71-amino-acid Agno protein of JCV may play an important role in the viral lytic cycle by modulating the rate of viral gene transcription and DNA replication. To exert its activity, Agno protein may interact with the viral key regulatory protein, T antigen, which is expressed early during infection. This is an interesting observation, as it demonstrates that interaction of Agno protein, which is produced at the late phase of the infection cycle, with the early protein, T antigen, can modulate the activity of this protein during the late stage of lytic infection. While the importance of this regulatory event in The total amount of DNA transfected into the cells was normalized with appropriate empty vectors. Replication assays were carried out as described for Fig. 3 . The replicated DNA is indicated by an arrow and input DNA is indicated by a bracket. The quantitation of the bands corresponding to the replicated viral DNA was carried out as described for Fig. 3. the pathogenesis of JCV-induced demyelination of the CNS remains to be elucidated, one may speculate that, by slowing the rate of late gene expression and viral DNA replication, Agno protein may prevent disproportional production of capsid proteins and viral DNA during the course of the infection cycle and optimize the efficiency of virion formation. Furthermore, Agno protein may prolong the course of the lytic cycle in CNS cells, and this may further contribute to the pathogenesis of the disease, which is manifested by gradual demyelination of the CNS.
Similar to SV40 T antigen, JCV T antigen is composed of several interesting domains which interact with several functionally important cellular proteins. For example, the region which is important for Agno protein interaction, i.e., residues 250 to 450, overlaps with the binding sites for p53, YB-1, and polymerase ␣ and has several activities such as helicase and Zn binding. Thus, it is likely that Agno protein, by associating with T antigen, controls several of these activities during the late stages of the infection cycle. In addition, structurally, Agno protein has several interesting features. First, the protein is highly basic and contains several posttranslational modification sites including phosphorylation by protein kinase C and casein kinase II. While the phosphorylation sites for protein kinase C are clustered at the amino terminal of the Agno protein, the carboxyl terminal of the protein is the target for phosphorylation by casein kinase II. Although the phosphorylation of JCV Agno protein remains to be illustrated, earlier studies have shown that BKV Agno protein can be phosphorylated (46) . Future studies in our laboratory are aimed to further characterize the structural features of the Agno protein and their importance in regulation of the JCV lytic cycle and host function during the course of infection.
The studies presented in this communication provide evidence, for the first time, that the human papovavirus Agno protein, by interacting with the viral regulatory protein, T antigen, can modulate the activity of this protein upon viral gene expression and DNA replication. With the notion that JCV infection occurs in greater than 70% of the human population during childhood and the virus remains in the latent state throughout life, one may question whether Agno protein plays any role in maintaining the virus at latency. Furthermore, it is interesting to determine the function of Agno protein during the course of immunosuppression, when the virus gains an opportunity to exit from latency and actively replicates in brain cells. Our recent preliminary observations have shown expression of the Agno protein in oligodendrocytes of patients with PML, suggesting that this protein is expressed during the course of the disease. As such, one may hypothesize that the negative regulatory effect of Agno protein on viral replication may alter the course of disease progression, or that a mechanism induced upon immunosuppression prevents the Agno protein from imposing its suppressive function on viral gene transcription and replication. Our future experiments, which are aimed at the identification of the proteins which are associated with Agno protein in the infected oligodendrocytes during the course of infection, should provide some clues regarding the role of Agno protein in the pathogenesis of PML.
